Although whole-organism aspects of life-history physiology are well studied and molecular information (e.g., transcript abundance) on life-history variation is accumulating rapidly, much less information is available on the biochemical (enzymological) basis of life-history adaptation. The present study investigated the biochemical and molecular causes of specific activity differences of the lipogenic enzyme, NADP þ -isocitrate dehydrogenase, between genetic lines of the wingpolymorphic cricket, Gryllus firmus, which differ in lipid biosynthesis and life history. With one exception, variation among 21 Nadp þ -Idh genomic sequences, which spanned the entire coding sequence of the gene, was restricted to a few synonymous substitutions within and among replicate flight-capable or flightless lines. No NADP þ -IDH electromorph variation was observed among individuals within or among lines as determined by polyacrylamide gel electrophoresis. Nor did any NADP þ -IDH kinetic or stability parameter, such as K M for substrate or cofactor, k cat , or thermal denaturation, differ between flight-capable and flightless lines. By contrast, line differences in NADP þ -IDH-specific activity strongly covaried with transcript abundance and enzyme protein concentration. These results demonstrate that NADP þ -IDH-specific activity differences between artificially selected lines of G. firmus are due primarily, if not exclusively, to genetic variation in regulators of NADP þ -IDH gene expression, with no observed contribution from altered catalytic efficiency of the enzyme due to changes in amino acid sequence or posttranslational modification. Kinetic analyses indicate that in vitro differences in enzyme-specific activity between flight-capable and flightless lines likely occur in vivo. This study constitutes the most comprehensive analysis to date of the biochemical and molecular causes of naturally occurring genetic variation in enzyme activity that covaries strongly with life history.
Introduction
The extent to which evolutionary modification of metabolism contributes to life-history adaptation has been a long-standing topic of research in life-history evolution (Townsend and Calow 1981; Rose and Bradley 1998; Zera and Harshman 2001 , 2009 , 2011 . At the level of wholeorganism physiology, numerous studies have identified enhanced accumulation of specific macromolecules (e.g., somatic lipid) important for particular life-history traits (e.g., dispersal, extended longevity). A few studies have documented changes in flux through pathways of intermediary metabolism responsible for adaptive accumulation of these metabolic end products (O#Brien et al. 2002; Zhao and Zera 2002; Zera and Zhao 2006; Zera 2011) . At the other extreme, an increasing number of studies have reported molecular correlates (i.e., altered gene expression, transcript abundance) of life-history adaptation (Arking et al. 2000; Pelcher et al. 2005; St-Cyr et al. 2008; Wheat et al. 2011) . However, what is sorely lacking is information on biochemical (e.g., enzymological) aspects of life-history adaptation. Enzymological data are essential to identify the functional significance of altered sequence or expression of genes encoding metabolic enzymes and to identify the causes of altered pathway function. In short, biochemical information provides the functional link between molecular and whole-organism physiological aspects of life-history variation.
Genetic variation in enzyme activity can result from a variety of causes the most important of which are 1) altered gene and amino acid sequence resulting in changes in catalytic efficiency or enzyme stability; 2) changes in gene expression due to altered rates of transcription, transcript stability, or translation efficiency giving rise to variation in enzyme protein concentration; or 3) various posttranslational modifications (PTMs) such as phosphorylation that alter catalytic efficiency or enzyme stability between enzymes without altering amino acid sequence ( fig. 1 ; Eanes 1999; Storz and Zera 2011) . Importantly, these different sources of variation can result from alterations in very different classes of genes. Although change in catalytic efficiency due to altered amino acid sequence of the enzyme must result from variation in the structural gene that encodes the enzyme, change in enzyme concentration can have a variety of causes: altered regulatory regions that can be 1) tightly linked to but outside of the structural locus (e.g., cis-acting regulators), 2) within introns of the coding sequence of the structural locus, or 3) in trans-acting regions unlinked to the structural locus, as well as due to changes in the amino acid sequence of the enzyme itself that affects in vivo stability (Chambers 1988; Laurie and Stam 1988; Schulte 2001; reviewed in Storz and Zera 2011) . Finally, post-translational modification (PTM) typically results from the action of enzymes such as protein kinases (e.g., MacDonald 2004; Plaxton 2004) whose encoding genes are not expected to be linked to the structural locus that they modify. No study has yet identified the extent to which natural genetic variation in each of these causes contributes to adaptive variation in enzyme activity associated with variation in life history.
Multilevel investigations that simultaneously integrate molecular, biochemical, and physiological studies are especially useful for identifying the functional causes and adaptive significance of molecular-biochemical variation (Koehn et al. 1983, Feder and Watt 1992; Harshman 2009, 2011; Storz and Zera 2011) . The wing-polymorphic cricket, Gryllus firmus, has developed into a powerful experimental model for investigating evolutionary alterations in intermediary metabolism that underlie important life-history specializations for dispersal (somatic function) versus reproductive output (Zera and Harshman 2001 , 2009 , 2011 .
Wing polymorphism is a phylogenetically widespread ecologically important polymorphism in insects (Harrison 1980; Zera and Denno 1997; Guerra 2011) . In G. firmus, the polymorphism consists of a flight-capable morph [LW(f)] that delays reproduction and a flightless morph (SW) with enhanced early-age fecundity. In G. firmus, relative to the SW morph, the LW(f), dispersing morph exhibits a genetically elevated rate of de novo fatty acid biosynthesis, elevated specific activities of lipogenic enzymes, and enhanced production of triglyceride flight fuel, a key adaptation for dispersal (Zhao and Zera 2002; Zera and Zhao 2003; Harshman 2009, 2011) . However, the causes of the increased activity of the lipogenic enzymes in LW(f) G. firmus remain unknown.
Here, we focus on NADP þ -isocitrate dehydrogenase (NADP þ -IDH), an enzyme that produces NADPH required for de novo fatty acid biosynthesis and which is known to play an important role in lipogenesis in numerous organisms (Geer et al. 1978; Koh et al. 2004; Liu et al. 2006) . Previous studies using artificially selected lines of G. firmus have shown that NADP þ -IDH-specific activity is substantially elevated in LW(f) lines that exhibit elevated rate of lipid biosynthesis and elevated triglyceride level during the first week of adulthood (Zhao and Zera 2002; Zera and Zhao 2003; Zera 2005) . Recent sequencing of the Nadp þ -Idh gene and homogeneous purification of the NADP þ -IDH enzyme from G. firmus ) have provided the tools required to investigate the molecular and biochemical causes of the adaptive difference between morphs (genotypes) in enzyme activity, which is the subject of the present study.
Materials and Methods
Background on G. firmus: Morphs, Selected Lines, and Rearing Conditions Gryllus firmus, the sand field cricket, occurs in natural populations in the southeastern United States as a long-winged (LW) morph, some of which are capable of flight, or as a short-winged (SW) morph that is obligatorily flightless (Veazy et al. 1976; . Except for a few rare cases, all SW females molt into adults with white, nonfunctional underdeveloped flight muscles. All LW females initially have fully developed (pink) flight muscles at or shortly after the adult molt [denoted LW(f)]; however, flight muscles degenerate in some of these females rendering them flightless. In artificially selected lines used in the present study, LW(f) females typically (.95%) retained their flight muscles by the end of the first week of adulthood when biochemical studies were performed. Thus, the LW flightless morph is not considered here (see Zhao and Zera 2001 for physiological and biochemical information on this morph).
Studies were conducted on three pairs (blocks; independent selection trials) of LW-and SW-selected lines. Number following LW or SW (e.g., LW-1) indicates the block to which the line belongs. All lines had been derived from one and same base population and had been raised under MBE the same temperature (28 ± 1°C), photoperiod (16 light: 8 dark), and had been fed the standard (100%) diet since their inception (see Zera 2005 and references therein for details of artificial selection). Lines were close to being pure breeding when experiments were conducted (i.e., produced . 95% of the selected morph) and were the same lines used in previous studies of lipid metabolism and life-history evolution (Zera 2005; Harshman 2009, 2011 ) (see Discussion).
Tissue Collection and Storage
We collected tissue from adult female G. firmus, on the day of molt to adulthood (D0) or 5 days post-adult eclosion (D5). These are the same days of adulthood that were studied previously for various physiological differences between LW(f) and SW morphs (e.g., Zhao and Zera 2002; Zera and Zhao 2003) . Individuals were chilled on ice and samples of fat body, the primary site of lipid biosynthesis, were removed under ice-cold saline (0.15 M NaCl). Samples were blotted dry, placed in pre-weighed 1.5-ml Eppendorf tubes, flash frozen in liquid nitrogen, and stored at À80°C. NADP þ -IDH-specific enzyme activity, mRNA transcript abundance (quantitative polymerase chain reaction [qPCR]), and enzyme protein concentration (see below) were measured from fat body samples taken from the same individual. Additional fat body samples or whole bodies were used for various other studies as described below. Fat body samples were removed from all individuals at approximately the same time of day (i.e., between 11 and 12 AM) to eliminate any potential circadian variation in enzyme activity.
Real-Time qPCR of G. firmus Fat Body Nadp þ -Idh RNA Extraction and Reverse Transcription RNA extraction from frozen fat body samples was performed using the Nucleospin RNA/Protein Kit (MacheryNagel), according to manufacturer instructions, which included treatment with DNase that was later removed using a Nucleospin RNA Clean-up Kit (Machery-Nagel). RNA showed consistently high purity (i.e., 260:280 ratio .1.9) and was stored in 40 ll RNase/DNase-free water at À80°C. One microgram of total RNA was reverse transcribed using 200 U of Superscript III Reverse Transcriptase (Invitrogen) and 2.5 lM modified oligo dT primer (5#-ATTCTAGAGGCCGAGGCGGCCGACATG(t) 30 VN-3#) in a total volume of 20 ll. Reverse transcription reactions were incubated as follows in order to minimize interference due to secondary structure: 15 min at 25°C, 1 h at 36°C, 1 h at 50°C, 1 h at 55°C, and 15 min at 70°C. cDNA samples were diluted 1:3 in RNase/DNase-free water and stored at À20°C until used.
Transcript Abundance of Nadp þ -Idh Using Real-Time qPCR We used Primer Express (Applied Biosystems) software to design an Nadp þ -Idh Taqman probe (5#-6-FAM/ CCTCCACCAACCCCATTGCTTCC/TAMRA-3#) and primer set (forward: 5#-TTCCATCAACAAGGCAAGGAA-3#, reverse: 5#-CTTTGGTCCAGGCGAAAA-3#) based on the deposited G. firmus Nadp þ -Idh-coding sequence (GenBank accession number DQ886272; fig. 1 of ). This primer-probe combination results in a 64 nt amplicon corresponding to nucleotides 1,032-1,096 within DQ88672. We normalized Nadp þ -Idh transcript abundances to that of b-Actin (cytoplasmic) using the following probe and primer sequences, respectively: 5#-6-FAM/CCTGTTCTC-CTGACTGAAGCCCCT/TAMRA-3# and forward primer: 5#-GAGTTGCCCCTGAGGAGCA-3#, reverse primer: 5#-TTTCCCTGTTGGCTTTAGGGT-3#. These probe and primer sequences were designed from the b-Actin nucleotide sequence of the congener G. assimilis (Anand et al. 2008) . The b-Actin nucleotide sequence is highly conserved in Gryllus, with the G. assimilis sequence exhibiting 96% identity with the corresponding nucleotide sequence of G. bimaculatus, a species outside the North American Gryllus clade that contains both G. assimilis and G. firmus (Anand et al. 2008) . Thus, G. firmus and G. assimilis are expected to exhibit .96% actin sequence identity. This probe and primer combination resulted in a 69 nt amplicon which is the expected amplification size based on the G. bimaculatus and G. assimilis sequences (Anand et al. 2008) . Extensive testing of the Nadp þ -Idh and b-Actin qPCR primer pairs using standard PCR, but with cycling conditions and mastermix the same as that used during the actual qPCR assays, consistently yielded single amplicons of the expected size. Melting curves generated during preliminary qPCR assays indicated the presence of single amplicons for both Nadp Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis, Native PAGE, and Starch Gel Electrophoresis Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS PAGE) was performed using 10% T gels (Garfin 1990 ), while native PAGE was performed using 7.5% T, precast BI-ORAD Ready Gels (Tris-HCl buffer, pH 8.2), as described in . Horizontal starch gel electrophoresis was performed using gels made of 11% hydrolyzed starch dissolved in 0.013 M Tris-citrate buffer, essentially as described in Murphy et al. (1996) . Tank buffer was 0.135 M Tris-citrate, pH 7.3, and gels were run overnight at 150 V. A previous native PAGE study identified one and the same NADP þ -IDH electromorph in homogenates of whole bodies or various organs. SDS gels were stained for protein using either Coomassie Blue or by silver staining (Garfin 1990; . Native PAGE or starch gels were stained for NADP þ -IDH activity (Murphy et al. 1996) , as described in . Native starch gels were run in addition to native PAGE gels because, in some instances, phenotypic variation not observed in native PAGE gels is seen in starch gels (Coyne et al. 1979 (Zhao and Zera 2001; Zera and Zhao 2003) . The assay cocktail consisted of 6.0 mM DL-isocitric acid trisodium salt, 4.0 mM MgCl 2 , and 0.4 mM NADP þ in 50 mM propane sulfonic acid) buffer. NADP þ -IDH activities were measured in duplicate at 28°C using a 96-well microtiter plate reader (FLUOstar Omega; BMG Labtech) in 200 ll reaction volumes. Background experiments demonstrated no loss in enzyme activity due to flash freezing fat body in liquid nitrogen and storage at À80°C for several months or during the 1-h period when supernatants were kept on ice prior to assay. Previous studies (described in Zhao and Zera 2001) demonstrated that NADP þ -IDH activities are proportional to enzyme concentration and are thus initial rates (no detectable decrease in activity during the assay period). NADP þ -IDH activities were normalized to total protein concentration, measured by the Bradford protein assay (Bio-Rad) using bovine serum albumin (BSA) as a standard.
Generation and Characterization of a Polyclonal Antibody Against G. firmus NADP þ -IDH Injection of homogeneously purified NADP þ -IDH from G. firmus into New Zealand rabbits failed to produce any detectable polyclonal antibodies to the protein. Thus, antibody against G. firmus NADP þ -IDH was generated (GenScript Corp.) using the synthetic peptide ''YRFHQQG-KETSTNPC'', which corresponds (except for the final ''C'' crosslinking amino acid) to AA 315-328 of G. firmus NADP þ -IDH (nucleotides 1,026-1,067 of GenBank accession number DQ886272; fig. 1 of ). This peptide, conjugated to a carrier protein, was injected subcutaneously (four injections each several weeks apart) into each of two New Zealand rabbits. The fourth bleed, following the third injection, exhibited a high antibody titer in each rabbit as determined by enzyme-linked immunosorbent assay (ELISA) (GenScript Corp.) and was used in all subsequent studies. Antibody bound strongly to NADP þ -IDH purified to homogeneity from G. firmus and subjected to SDS PAGE and western blotting (see supplementary methods and supplementary fig. S1 , Supplementary Material online). Antibody also bound to NADP þ -IDH in crude fat body, although much less strongly, and bound to additional proteins (supplementary fig. S1 , Supplementary Material online). Binding of antibody to NADP þ -IDH in fat body homogenate was more apparent when the enzyme was concentrated by differential precipitation with NH 4 SO 4 (resuspended fraction between 40% and 80% NH 4 SO 4 saturation), which eliminated the additional cross-reacting proteins (supplementary fig. S1 , Supplementary Material online).
Quantification of G. firmus Fat Body NADP
þ -IDH Enzyme Protein Concentration NADP þ -IDH enzyme protein concentration in crude fat body homogenate from LW(f) and SW G. firmus was quantified using rocket immunoelectrophoresis (RIE) employing the G. firmus anti-NADP þ -IDH polyclonal antibody described above. RIE, which has been used previously to quantify numerous proteins in crude tissue homogenates, including genetic variants of NADP þ -IDH (Bentley et al. 1983) , basically involves incorporation of an antibody into an agarose gel. Antigen (crude fat body homogenate containing NADP þ -IDH in this case) is subjected to electrophoresis and movement of antigen through the gel contacts antibody, forming an arc (rocket), the total intensity of which is proportional to the concentration of antigen (supplementary fig. S2 , Supplementary Material online). RIE is particularly advantageous for quantifying enzyme concentration compared with the more commonly used ELISA when the antibody that is used reacts with multiple antigens, as is the case for the NADP þ -IDH antibody described above. A histochemical stain, specific for the enzyme in question, can be used to identify the rocket corresponding to the enzyme of interest (see supplementary fig. S2 , Supplementary Material online). RIE was performed using a 1% agarose (low-melting) slab gel containing 60 mM Tris-HCl, 20 mM Tricine, 1 mM lithium lactate, and 3 mM sodium azide, 10% NADP þ -IDH antiserum, with pH adjusted to 8.6 (modified from Monthony et al. 1978) . Five microliters of fat body homogenate of LW(f) or SW G. firmus, diluted 1:8 with the same MOPS buffer used in the enzyme assay, was pipetted into 3-to 4-mm wells punched into the gels. The electrode buffer was 60 mM Tris-HCl and 20 mM Tricine (pH 8.6). Gels were run for 5 h, at 150 V (;15 mA), under constant cooling at 4°C. The NADP-IDH enzyme-antibody complexes were stained using a solution containing 0.1 M Tris-HCl buffer (pH 8.0) with 2.8 mM MgCl 2 , 3.4 mM Na-isocitrate, 0.15 mM NADP þ , and 5 mg MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)/ml and a small amount of phenazine methosulphate. The gel was incubated at 28°C in the dark for approximately 15 min. RIEs were scanned using a flatbed scanner (Canon CanoScan 8400F), and total rocket staining intensities were quantified using ImageJ (NIH) software. No stained rockets were observed in gels without antibody. See supplementary methods (Supplementary Material online) for additional details. A highly linear standard curve (r 2 5 0.985) was obtained using a serially diluted homogenate of fat body pooled from three LW(f) and three SW G. firmus (supplementary fig. S2 , Supplementary Material online). To remove gel-to-gel variation in rocket intensity, aliquots of the same fat body homogenate were run on all gels analyzed, and rocket staining intensities were standardized to that homogenate.
Estimation of Kinetic Constants for NADP
þ -IDH Michaelis constants (K M ) for DL À Na þ -isocitrate and NADP þ as well as the turnover number, k cat , for NADP þ -IDH were estimated at pH 8.0 using enzyme purified to homogeneity from whole bodies of crickets from LW-or SW-selected lines of Block 2 (purified separately for each line). Enzyme was purified to homogeneity as described previously and exhibited a single band of the expected molecular mass on SDS gels stained for protein using Coomassie . Prior kinetic studies provided K M estimates and saturating substrate concentrations used to design the kinetic analysis in the present study. V max and K M for a particular substrate (Na þ -isocitrate or NADP þ ) were estimated by measuring reaction rates in triplicate for six concentrations of that substrate which bracketed the expected K M while keeping the other substrate constant under expected saturating conditions (for additional details, see ; for a similar approach, see Place and Powers 1979) . Michaelis constants and V max were estimated from the untransformed reaction rates using the nonlinear regression program Enzfitter (Biosoft). k cat was determined by dividing reaction rates by the enzyme protein concentration. In addition, Michaelis constants for each substrate were measured on LW(f) and SW crickets from each of the six selected lines. K M s were estimated using supernatants of crude fat body homogenates (15,000 Â g spin for 15 min) at pH 8.0, the pH at which enzyme assays have typically been performed, as well as at pH 7.0, the expected in vivo pH at the rearing temperature of the crickets (28°C). Because of the large number of K M estimates, we used the two-substrate method of Duggleby (1979) as described in Thermal Denaturation Experiment NADP þ -IDH from whole bodies of LW(f)-and SW-selected lines of Block 2 were partially purified (each line separately) by anion exchange chromatography to remove substances that might influence thermal stability. Enzyme solutions were diluted in 50 mM K þ -phosphate buffer, pH 7.8, containing 1 mg/ml BSA, 0.1% b-mercaptoethanol, and 1% glycerol, and were incubated for varying amounts of time at 46°C. Percent activity remaining was determined by comparison of incubated samples with enzyme diluted to the same degree in identical buffer and maintained on ice during the incubation period.
Statistical Assessment of Phenotypic and Genetic Differences Between Morphs for Various Biochemical Traits
The existence of overall (phenotypic) differences among LW(f) and SW morphs for a particular trait (e.g., transcript abundance) was assessed using a standard two-way analysis of variance (ANOVA) of the entire data set (i.e., all lines in all blocks) with morph (fixed effect) and block (random effect) as main effects. Significant phenotypic differences between morphs do not necessarily mean that morphs differ genetically for the trait under consideration. Genetic differences between morphs should be manifest as differences between LW(f)-and SW-selected lines within a block that are consistent across the blocks (i.e., higher mean transcript abundance in LW vs. SW lines in each of the three blocks). Thus, within each block, the means of a particular trait were compared between LW-and SW-selected lines using a standard t-test, and the consistency of differences across blocks was assessed essentially as performed previously (e.g., see Zhao and Zera 2002; Zhao 2003, 2006) .
Results

NADP
þ -IDH Enzyme-Specific Activity
Mean ± SEM fat body NADP þ -IDH-specific activity for the three pairs (blocks) of LW(f)-and SW-selected lines measured on day of and fifth day after adult molt are given in figure 2. Fat body NADP þ -IDH-specific activity was low and did not differ significantly between LW(f) and SW morphs on D0 (day of molt to adulthood) for data pooled across blocks (phenotypic variation; P . 0.1; full results of ANOVAs are listed in supplementary table S2, Supplementary Material online). No difference between LW(f) and SW lines within Block 1 or 2 ( t-tests; P . 0.1; fig. 2 þ -IDH-specific activity increased dramatically between D0 and D5, but to a much greater degree in the LW(f)-selected lines ( fig. 2, lower  panel) . On D5, specific activity was significantly higher in the LW(f) compared with the SW morph for data pooled across blocks (P , 0.0001; table S2, Supplementary Material online) or in the LW(f) line compared with the SW lines of each block tested separately (P , 0.05-0.005; fig. 2 Morph differences in Nadpþ-Idh transcript abundance largely paralleled morph differences in NADP þ -IDH-specific activity ( fig. 3 ). On D0, transcript abundance was low and did not differ between morphs for data pooled across the blocks (P . 0.25) or for comparisons between LW(f) and SW lines within each block, except for the slightly higher transcript abundance in LW(f) versus SW morphs in Block 2 (P , 0.05). Between D0 and D5, NADP þ -IDH transcript abundance rose to a much greater degree in the LW(f) versus the SW lines, similar to the situation for enzyme-specific activity. D5 values were significantly higher for the LW(f) versus the SW morphs for data pooled across blocks (P , 0.0002; supplementary 
MBE
Comparison of genomic DNA sequences to the Nadp þ -Idh cDNA sequence reported in indicates an absence of introns in this 1,300 bp region. Only a singlenucleotide substitution was nonsynonymous (bp 555), resulting in a serine to alanine replacement at amino acid 158 in one LW(f) sequence from Block 1 (table 1) . Thus, in contrast to the large magnitude genetic differences in enzyme-specific activity, transcript abundance, and enzyme NOTE.-a Single-nucleotide polymorphism (SNP) position numbers are presented with respect to GenBank accession number DQ886272 . Genomic amplicons were sequenced from four individuals from each of LW-1, SW-1, LW-2, and SW-2 artificially selected lines, whereas two and three individuals were sequenced from LW-3 and SW-3 lines, respectively. b Columns labeled ''Occurrence'' and ''Individuals'' contain the number and identity, respectively, of individuals in which an SNP was found. c Only one nonsynonymous SNP was observed.
Causes of NADP þ -IDH Activity Variation in Gryllus · doi:10.1093/molbev/msr171 MBE protein concentration, no major differences in gene or amino acid sequence were observed for NADP þ -IDH between LW(f) and SW G. firmus.
No NADP þ -IDH electrophoretic variation was observed for fat body homogenates from ten females from each of the three LW-selected and each of the three SW-selected lines subjected to native PAGE. In all cases, a single electromorph was observed (see supplementary fig. S3 , Supplementary Material online, for a representative gel). Nor was any electrophoretic variation observed among IDH electromorphs (20-25 individuals per line for each of the three LW and three SW lines) using starch gel electrophoresis (data not shown).
NADP
þ -IDH Enzyme Kinetics and Thermostability (table 2) . Nor (with one exception) were any differences observed between LW(f) versus SW lines of each of the three blocks with respect to NADP þ -IDH Michaelis constants for either Na-isocitrate or NADP þ (table 3) . This was the case for Michaelis constants measured either at the standard assay pH 8.0 or pH 7.0, the in vivo pH at the temperature at which crickets were reared (28°C). The similarity between LW(f) and SW Michaelis constants measured on homogeneously purified enzyme, after extensive purification (Block 2 lines; table 2), compared with constants measured using unpurified fat body homogenates (Block 2 lines; table 3) indicates that these constants are neither altered significantly during purification nor by material in supernatants of crude homogenates. Similar to the situation for nucleotide sequence, amino acid sequence, and electrophoretic mobility but unlike specific activity, transcript abundance, and enzyme protein concentration (with one exception), no phenotypic or genetic differences were observed between LW(f) and SW lines in any aspect of enzyme catalytic efficiency.
Purified NADP 
Discussion
Although physiological aspects of life-history adaptation have been extensively studied for decades (Townsend and Calow 1981; Rose and Bradley 1998; Zera and Harshman 2001 , 2009 , 2011 and molecular/genomic data on this topic are accumulating rapidly (e.g., Pelcher et al. 2005; StCyr et al. 2008; Wheat et al. 2011) , the biochemical basis of life-history variation and trade-offs, especially in the context of allocation trade-offs in outbred populations, remains understudied. The present investigation involved a comprehensive analysis of the relative contribution of changes in gene expression, primary amino acid sequence, enzyme kinetics and stability, and (indirectly) posttranslational modification to genetic differences in the activity of an enzyme that is associated with adaptive differences in lipid biosynthesis and life-history. The main finding is that there appears to be a relatively straightforward molecular cause of genetic variation in NADP þ -IDH-specific activity. Comparison between pairs of artificially selected lines identified parallel large magnitude elevations in mean NADP þ-IDH transcript abundance, enzyme protein concentration, and enzyme-specific activity in LW(f) lines, relative to SW lines. Furthermore, regression analysis indicated that variation in transcript abundance accounted for a significant amount of variation in enzyme protein concentration in two of three blocks, which, in turn, accounted for a significant amount of variation in enzyme-specific activity among individuals of LW(f) and SW lines within each of the three blocks (i.e., independent selection trial). These results strongly indicate that the difference in enzyme-specific activity between LW(f) and SW lines and LW(f) and SW individuals within blocks is due primarily to differences in gene expression leading to differences in enzyme concentration and ultimately enzyme-specific activity.
DNA sequencing, kinetic and thermostability analyses, and electrophoretic studies of NADP þ -IDH strongly support the aforementioned hypothesis. Although variation 
LW(f) 13.8 6 1.9 1.2 6 0.5 29,2166 6 2,786 SW 11.9 6 2.6 2.6 6 0.9 34,412 6 2,473
NOTE.-a Enzyme was purified from BK-2 LW(f) or SW individuals (see Materials and Methods for additional information on selected lines and blocks). b Kinetic constants (K M ) were estimated for Naþ-isocitrate and NADP þ at pH 8.0 at 28°C (see Materials and Methods); K M are in lM ± SEM. k cat (s À1 ± SEM) was estimated assuming one active site per dimeric NADP þ -IDH molecule, using a subunit molecular mass of 46.3 kD (see . 7.0, Isocitric acid LW(f) 12.6 6 2.4 12.1 6 1.6 13.7 6 3.2 SW 9.1 6 1.9 10.2 6 1.8 9.2 6 2. Watt and Dean 2000; Storz and Zera 2011) , this cannot be the case for activity differences between LW(f) and SW NADP þ -IDHs (see table 1; Results). With one exception, the enzymes from all lines exhibit identical amino acid sequences. Nevertheless, LW(f) and SW enzymes could still differ kinetically due to PTM, a common mechanism for altering enzyme function in response to changing metabolic conditions (MacDonald 2004; Plaxton 2004) . The absence of differences between the pairs of LW(f) and SW lines in various key components of catalytic efficiency, namely, Michaelis constants for NADP þ and isocitric acid, and enzyme turnover number, k cat (Results; see below), as well as thermostability, provides no evidence for kinetic or stability differences between LW(f) and SW NADP þ -IDH due to any cause. The absence of electrophoretic variation on native PAGE also provides no evidence for PTM. Although more sophisticated analyses, such as mass spectrometric comparisons of NADP þ -IDH amino acid sequences, might uncover PTM, the absence of kinetic differences between LW(f) and SW NADP þ -IDHs, indicate that any such modification would not likely be functionally significant. Zera and Zhao (2003) reported significantly elevated specific activities of NADP þ -IDH and other lipogenic enzymes in LW(f) versus SW lines of G. firmus. Kinetic analyses undertaken in the present study (tables 2 and 3) allow an assessment of the extent to which these in vitro NADP þ -IDH-specific activities exist in vivo and their likely functional causes. These issues are best discussed in the context of the basic Michaelis-Menten equation that describes the reaction rate for an enzyme that has a single substrate:
where v 5 reaction rate, [S] is the substrate concentration, V max 5 maximal rate, and K M 5 Michaelis constant (i.e., [S] at which v 5 V max /2). Furthermore V max 5 [E] Â k cat , where [E] 5 enzyme concentration, k cat 5 turnover number (number of product molecules produced per unit time per enzyme molecule (i.e., active site).
The above equation can be rearranged to separate out components of the reaction rate due to enzyme concentration [E] (left side) and kinetic properties of the enzyme due to K M and k cat (right side):
Importantly, substrate concentration, [S] , influences the relative contribution of k cat and K M to the reaction velocity. When [S] is very high (e.g., .10 Â K M ), the K M term in the denominator can be ignored and the right hand term reduces to k cat . Thus, v 5 [E] Â k cat , with K M exerting no influence on the reaction rate. However, when [S] is very low (, K M /10), [S] in the denominator can be ignored in the equation above, and the rate equation reduces to v 5 [E] Â (k cat /K M ). At intermediate substrate concentrations, both k cat /K M and k cat contribute to the reaction velocity, with the relative importance of each component being determined by [S] . Because in vivo substrate concentrations for enzymes of intermediary metabolism, in general, are thought to be near or below the K M (Fersht 1999) , k cat / K M alone or both k cat and k cat /K M are thought to contribute significantly to the kinetic component of the reaction velocity for most of these enzymes (Koehn et al. 1983; Fersht 1999; Hochachka and Somero 2002) . The rate equation for an enzyme with two substrates (e.g., dehydrogenases such as NADP þ -IDH which bind cofactor in addition to a specific substrate) has the same form as the equation above, except that the equation contains additional terms on the right side reflecting the binding of multiple substrates to the enzyme (Fromm 1975) .
The elevated specific activity of NADP þ -IDH in LW(f) versus SW lines of G. firmus reported previously (Zera and Zhao 2003) and verified in the present study ( fig. 2) was measured under saturating substrate conditions, as is standard practice for specific activity measurements. For reasons discussed above, if LW(f) and SW enzymes differed in K M , such a difference would not have been manifest under conditions used to measure specific activity but could potentially influence relative reaction rates under subsaturating conditions expected in vivo. Demonstration that the cofactor or substrate K M s do not differ between LW(f) and SW NADP þ -IDHs (tables 2 and 3) indicates that the relative difference between these enzymes (Zera and Zhao 2003;  fig. 2 ) should be manifest under any substrate condition. Furthermore, the statistically equivalent k cat values for LW(f) and SW NADP þ -IDHs (table 2) indicate that the elevated enzyme-specific activity in LW(f) lines is due to higher enzyme concentration and not elevated catalytic efficiency. This result independently corroborates the higher [E] of LW(f) versus SW NADP þ -IDHs measured via immunoelectrophoresis ( fig. 4) .
We found no significant difference in in vitro thermal denaturation rate between LW(f) and SW NADP þ -IDHs (supplementary fig. S4 , Supplementary Material online), providing no evidence for differential enzyme degradation that might also contribute to the differences in [E] between LW(f) and SW lines (fig. 4) . In vitro rate of thermal denaturation is often correlated with in vivo stability and turnover rate for enzymes (Goldberg and St John 1976; McLendon and Radany 1978) . Anderson and McDonald (1983) undertook a more sophisticated investigation of this topic by measuring in vivo turnover rate of ADH using pulse-label-chase experiments and also found no difference in alcohol dehydrogenase turnover between ADH-FF and ADH-SS genotypes.
Implications for Evolutionary Biochemistry
At present, it is difficult to assess the generality of the major findings of the present study regarding the biochemical mechanisms underlying life-history adaptation. Although Causes of NADP þ -IDH Activity Variation in Gryllus · doi:10.1093/molbev/msr171 MBE a number of other studies have reported altered enzyme function correlated with differences in life history (e.g., Orr et al. 2005; Legan et al. 2008) , these studies have typically used highly inbred laboratory stocks containing mutations that exhibit large phenotypic effects and often large negative pleiotropic effects on fitness. Mutants with these characteristics are likely to be eliminated rapidly from outbred populations and thus are not expected to contribute significantly to life-history evolution (Hughes and Reynolds 2005; Harshman 2009, 2011) . The biochemical basis of life-history variation in outbred populations remains an understudied aspect of life-history evolution.
Results of the present study also bear on the more general issue regarding the causes of intraspecific biochemical adaptation of enzymes. A comprehensive analysis of the molecular and enzymological causes of adaptive variation in allozyme function requires studies to be conducted on homogeneously purified enzyme in which both the kinetic constants of the enzyme and enzyme concentration are quantified. Surprisingly, few such studies have been conducted to date (reviewed in Storz and Zera 2011) . Characterizations of unpurified or partially purified enzyme can yield important information on adaptive differences in some key enzymatic traits such as the Michaelis constant, V max , V max /K M (which is the most important contributor to the overall rate of catalysis under in vivo conditions for most enzymes), and thermal stability. In particular, studies by Watt and colleagues using partially purified enzyme preparations (e.g., Watt 1977; Watt and Dean 2000) have reported differences in the K M , thermal stability, and V max / K M between PGI allozymes of Colias that correlate with aspects of performance or fitness. However, homogeneously purified enzyme is required to estimate the two key components of V max : [E] (often quantified using antibodies raised against homogeneously purified enzyme, as was done in the present study) and k cat , the turnover number of the enzyme. Genetic variation in [E] can result from nucleotide changes affecting gene expression (due to variable genes linked or unlinked to the structural locus) or enzyme stability (due to changes in the amino acid sequence of the enzyme). The key point is that, without information on k cat and [E], it is not possible to disentangle the relative contribution of variation in gene expression versus variation in the properties of the enzyme per se (i.e., k cat or stability) to variation in V max and hence V max /K M .
Three notable allozyme studies have focused on the relative importance of variation in kinetic properties of the enzyme versus enzyme concentration to adaptive differences in allozyme function (also see Storz and Zera 2011) . Similar to the situation for G. firmus NADP þ -IDHs, differences in enzyme activity between electromorphs (allozymes) are completely (LDH, Fundulus heteroclitus) or largely (ADH, Drosophila melanogaster) due to differences in enzyme protein concentration, with variation in catalytic efficiency playing a much less or no significant role in enzyme adaptation (Eanes 1999; Storz and Zera 2011) . By contrast, differences in in vivo activity between glucose-6-phosphate dehydrogenase electromorphs appear to be exclusively or primarily due to variation in allozyme kinetics, specifically the K M for glucose-6-phosphate, with no observed differences in either k cat or [E] (Eanes 1999) . The relative importance of kinetic versus regulatory causes of adaptive variation in enzyme activity remains an unresolved and understudied topic in evolutionary biochemistry.
In a similar vein, only a few studies have investigated genetic or molecular mechanisms responsible for genetic variation in [E] . Quantitative genetic studies in D. melanogaster indicate that genetic variation in [E] is influenced by variable genes on every chromosome (Chambers 1988) , implying that a multitude of mechanisms can be involved. Similar to the situation for G. firmus, studies in Fundulus have shown that differences among LDH genotypes in [E] is exclusively due to genotypic differences in LDH transcript abundance for fish raised at a particular temperature (Crawford and Powers 1989) . Subsequent work in F. heteroclitus has gone on to identify allozyme-associated differences in gene transcription (Schulte 2001 ) that account for the variation in transcript abundance. By contrast, studies in D. melanogaster have identified no difference in transcript abundance between ADH genotypes that differ in [E] (Laurie and Stam 1988) . Interestingly, allelic differences in [E] for ADH appear to be due to epistatic interactions between a small insertion-deletion polymorphism within the first intron of the ADH structural locus that is in strong linkage disequilibrium with the nucleotide site responsible for the fast/slow amino acid substitution (Laurie and Stam 1988; Storz and Zera 2011) . The mechanism by which this indel influences [E] in a genotype-specific manner is unknown. The molecular mechanisms responsible for morph-associated differences in NADP þ -IDH transcript abundance in G. firmus have not been investigated. Another lipogenic enzyme in G. firmus, 6-phosphogluconate dehydrogenase, differs in specific activity between morphs, similar to the situation for NADP þ -IDH (Schilder R and Zera AJ, unpublished data). However, no significant covariance between transcript abundance and either specific activity or 6-PGDH enzyme concentration have been observed (Schilder R and Zera AJ, unpublished data) . In short, for the relatively few studies of genetically variable enzyme activity in outbred populations, no consistent pattern has emerged with regard to the correlation between enzyme activity and transcript abundance. This finding underscores the importance of having corroborating protein data when drawing inferences on the functional or adaptive significance of variable transcript abundance (Idaker et al. 2001; Feder and Walser 2005; Zera 2011 ).
The present study constitutes an important step in identifying the biochemical basis of morph-specific differences in lipogenic flux that underlies life-history adaptations of the LW(f) and SW morphs of G. firmus. Both theoretical considerations and experimental results suggest that the morph difference in NADP þ -IDH activity, by itself, is not the primary cause of the flux difference in lipogenesis between the morphs. ''Multisite modulation,'' a key concept of Metabolic Control Analysis (Kacser and Burns 1979; Fell Schilder et al. · doi:10.1093/molbev/msr171 MBE and Thomas 1995; summarized in Fell 1997) , proposes that the optimal increase in pathway flux should result from an equivalent elevation of activities of multiple enzymes of a pathway rather than increasing activities of one or a few enzymes. According to this scenario, co-ordinate change in multiple enzymes in toto cause the flux change, a hypothesis that is supported by many studies reporting co-ordinate changes in multiple enzymes of a metabolic pathway in response to various regulators, such as insulin, glucagon, hypoxia regulator, etc. (summarized in Fell 1997; Hochachka et al. 1998; Zera and Zhao 2003; Zera and Harshman 2011) . The coordinately increased activity of numerous lipogenic enzymes and lipogenic flux in LW(f) versus SW lines of G. firmus (Zhao and Zera 2002; Zera and Zhao 2003) and artificially selected lines of Mus musculus (reviewed in Fell 1997 and in Zera 2011) are also consistent with this hypothesis. Morph differences in global hormonal or metabolic regulators (e.g., juvenile hormone, ecdysteroids, insulin-like peptides, AMP kinase, etc. ; Plaxton 2004; Zera and Zhao 2004) likely play the key role in coordinating the increase in lipogenic enzyme activities in LW(f) versus SW lines. Morph-specific differences in NADP þ IDH gene expression, enzyme concentration, and enzyme activity now provide a useful experimental model to investigate the mechanism of action of these global regulators.
Resurgence of Evolutionary Enzymology
Biochemical characterization of allozymes was a key focus of population genetics during the 1970s-1980s (Koehn et al. 1983; Zera et al. 1985; Watt and Dean 2000) . With a few notable exceptions, the focus of experimental population genetics largely shifted in subsequent decades from functional studies of variable proteins to statistical analyses of molecular sequence variation (Eanes 1999; Watt and Dean 2000; Storz and Zera 2011) . The consequence of this shift is that currently there is a much greater amount of information on genetic variation in DNA sequence, amino acid sequence, and transcript abundance than information on enzyme function. Because of this imbalance, functional studies of genetically variable enzymes are assuming increasing importance because functional information is essential to thoroughly identify specific mechanisms of protein microevolution (Storz and Zera 2011) . Indeed, the extensive information on variation in gene expression and nucleotide and amino acid sequences now provide valuable background context for functional studies of enzyme function. For many enzymes, most notably dehydrogenases, standard chromatographic techniques, such as affinity chromatography, allow relatively straightforward homogeneous purification of allozymes (Place and Powers 1979; Eanes 1999; . Moreover, newer molecular techniques, such as in vitro protein expression, allow purified enzyme to be obtained in cases in which sufficient starting material is unavailable or in which the enzyme is difficult to purify, thus making studies of purified enzymes and hence estimation of key parameters such as k cat and [E] more feasible. Finally, as mentioned above, it is becoming increasingly apparent that the extent to which variation in gene expression gives rise to variation in protein function or concentration cannot be assumed a priori but must be established empirically through functional studies. The convergence of these factors provides a strong impetus for a resurgence in functional studies of enzyme adaptation which will likely occur in the near future.
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